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METHOD AND APPARATUS FOR regeneration procedure. Surprisingly, all or essentially all 

REGENERATING THE PERFORMANCE OF ihe performance losses that occur during periods of normal 

A PEM FUEL CELL operation can be recovered by operating the cell briefly at a 

low cathode potential. Thus/ the performance level of the 

BACKGROUND OF THE INVENTION 5 ce, l mav he maintained at a high level for an extended period 

of time. 

1. Technical Field \ Q mc specification and claims the phrase "normal cell 
This invention relates to regenerating the performance of operation" means that the cell is operating at a cathode 

fuel cells that use proton exchange membranes (PEM) as the potential of at least 0.66 volt with a hydrogen containing fuel 

electrolyte. 10 on the anode and an oxidant on the cathode to provide an 

2. Background Information eteclric currcDl wilhin M cxlernal electric circuit to power 

an electricity using device. (Note: Cathode potential equals 

It is well known that fuel cells of all types experience ^ v > plus tnode potential, plus the product of cell 

performance losses or decay during the course of their cmm and p£M Thus, cathode potential is 

operation Performance loss is a degradation in the vo tage alwavs sU ^ u higher lhan ^ voltage.) 

ol the cell at a fixed current density or, conversely, a » * / . ... , ... 

. . 4 . c . . . . i . cT . The more frequent the penodic regeneration (e.g. the less 

degradation of current density at a fixed voltage. Such . . c v 1 . f. . e . v * 

, * * i c - % L- the amount of time the ceil operates under normal operating 

pcrlormance losses may be the result of a variety ot tactors, T. " f . . , u u- u 

r . . *. . ■ ♦ conditions between successive regenerations), the higher 

including operating environment, component design, oper- ... , , c . to . c ., ' . • . 

* p . * . | * • , e P ' , will be the average performance level of the cell over the 

ating and maintenance procedures, and the kinds ot mate- c 7 e ^ c .* 

• i a ,l it i . , course of normal operation. The preferred trequency ol 

rials used. Any means or method for reducing such losses 20 . -,, . . . *V . .. . J 

. . - _ . . r ii regeneration will depend upon the construction and opera- 
must consider the impact on other imponant aspects ol cell . & ... n *T .. . r- ii 
. . ., r ... \. lion ol the cell, as well as Us application. Fur some cells 
design, cell pcrlormance and cell operation. For applications . . ... . r J~ . . „ . 

** r . ... . . , i t i hourlv or dailv regeneration may be desirable. For others n 

such as powering automobiles, high pcrlormance levels and ■ , n ■■ i 

. 5f • • • • • » . . may Ix; best to regenerate the cell weekly or upon the 

the means tor attaining and retaining u must be viewed in 7 * . , . • • 

... . . r , M1 . r . . * occurrence ot some event (such as during routine 

conjunction with expectations tor fuel cell hie, low cost and . ?. ... & .. . 

J f . 1 „ f . ... ,. f ' • , maintenance), or whenever pertomiance ol the cell under 

ease of maintenance, all ot which are critical for commercial t '\ ... *: .. . . . . . 

normal operating conditions falls below a pre -selected level, 

success * ct ■ 

In an automotive application regeneration might aulomali- 

PEM (proton exchange membrane) cells are currently cally ^ pe r fonned each time the car is started, although 

being developed by both large and small companies for such frequen , regeneration is not likely to be required, 

automotive applications, and for that reason the - Allhough j, by «, means certain, il is believed lhat the 

identification understanding and resolution of PEM cell ^ d which tWs invenlion b iMcndcd to periodically 

performance decay has become very important. An example reverse js , he rosu „ of ca[hode , a , inum calal , bts ; 

o 3 Z r S?„ £o 15 l^f commonly °T*^ i? converted to platinum oxides during normal cell operation. 

Pat. No. 6.024348 to Dufner el al, incorporated herein by Phiiaum do no , navc as high a calalytic aclivily , or 
reference 

oxygen reduction as does platinum. 

BRIEF SUMMARY OF THE INVENTION Consequently, there is a drop in cell performance over 

time. There is evidence that the conversion of platinum to 

The present invention regenerates a PEM fuel cell, which platinum oxides occurs slowly, building to undesirable lev- 
degrades in performance during normal operation, by peri- 40 c is OV cr the course of hundreds of hours of cell operation. It 
odically operating the cell in a manner to cause the cathode ^ believed that operating the cell at cathode potentials below 
potential to drop below normal operating levels. The inven- a bo Ut fj.6 volt in accordance with the teachings of the 
lion is equally applicable to cells using pressurized and present invention results in the platinum oxides being 
unpressurized reactants. reduced (i.e. the pure platinum returns), thereby improving 

According to one embodiment of the present invention, 45 the cell performance when normal cell operation resumes. 

PEM fuel cell performance losses caused by phenomena The conversion of the platinum oxides back to platinum 

occurring during normal cell operation are recovered by using the teachings of the present invention occurs at a much 

periodically reducing the cathode potential to about 0.6 volts faster rale than the build up of platinum oxides, 

or less, and preferably to 0.1 volt or less. Once the cathode One specific method for accomplishing the foregoing 

potential is reduced to the desired low level, it is maintained 50 regeneration of the PEM fuel cell is to slop the flow of 

ai or below that level for a short period of lime. Hie lower oxidant to the cell and disconnect the electric load. The cell 

the potential to which the cathode is brought, the more is then connected to a power supply; and a hydrogen 

quickly regeneration will occur. After regeneration the cell, containing gas (preferably the same fuel as provided to the 

when returned to normal operation, will operate at a higher anode, such as essentially pure hydrogen) is flowed through 

performance level. The regeneration is preferably done 55 ihe cell across both the anode and cathode. This forces any 

periodically to maintain high cell performance levels. remaining oxidant from the cell and results in reducing the 

During testing of PEM cells that use platinum or platinum cathode potential. Once the desired low cathode potential of 

alloy catalyst, unacceptable performance losses were 11.6 volt or less (preferably O.I volt or less) is reached, the 

observed over time. The evidence suggests the tosses arc cathode potential is maintained at or below that low voltage 

attributable to performance deterioration occurring during tin for a sufficient period of lime to cause the cell to revert to a 

cell current production under normal operating conditions, condition wherein, when normal operation of the cell 

which means conditions wherein the cathode potential is resumes, the cell has recovered » major portion of. and 

above about 0.66 volt. It was discovered that reducing the preferably all the performance it lost while operating nor- 

cathode potential to below 0.66 volt for a short period of mally. Vfc refer to the forgoing method as the ~ hydrogen 

lime regenerates the cells to the point wherein they are again 65 pumping" method since hydrogen ions are "pumped" from 

able to operate under normal cell operating conditions at the cathode to the anode through the PEM during the 

significantly higher performance levels then prior to the regeneration process. 


US 6399,231 Bl 

3 4 

Another method for practicing the present invention is to FIG. 2 is a schematic depiction of a PEM fuel cell system 

disconnect the electrical load from the stack; flow hydrogen ihal may be operated conventionally and regenerated in 

on the anode; and flow an inert gas, such as nitrogen, on the accordance with one embodiment of ihe present invention, 

cathode. Hydrogen will diffuse across the PEM to the RG. 3 is a schematic depiction of a PCM fuel cell system 

cathode (due to the hydrogen concentration diOerence on 5 ma i mav be operated conventionally and regenerated in 

opposite sides of the porous membrane) and cause the accordance with an alternate embodiment of the present 

cathode potential to drop. Once the cathode potential falls to invention 

a preselected low value of no greater than 0.6 vol., and 4 ^ a schcmalic d jcljon of a lmM rue| cc|| 

preferably no greater than 0.1 vol., .he cell is maintained a. (na( may ^ o d J^^y and ^crated j„ 

or be low the preselected value lor a sulucicnt period ol lime iu . " .T , ,, . ,. , f 

. K ... \_ accordance wilh vel another cmhodimvni of the present 

to cause the cell to revert to a condition wherein, upon . 1 

, - . ., invention, 
resuming normal cell operation, the cell operates at a per- 
formance level significantly higher lhan ils performance DETAILED DESCRIPTION OI-'THE 
level immediately prior to the regeneration procedure, and INVEN TION 
preferably to the performance level of the cell immediately :> ... . , 
subsequent to the most previous regeneration. In this manner u ln N(> wmch " * l l,cl ccl1 T^'V ,S 
the cell retains high level of performance over an extended sh " wn ™ipns»ng a PEM luel cell is re I erred to by the 
period of lime relereiice numeral 100 and comprises an anode 102 tncluu- 

v . • * » ■ . . ... . - . ing an anode catalyst layer 104,a cathode 106 including a 

Yet another technique tor reducing the cathode potential , . , J , nrw . . , ia „ j. 

.. , . M c - ■ ~„ cathode catalyst layer 108,and a PEM clcclrolyic 110 dis- 

to accomplish the purposes of the present invention is as 20 , , t t 1 .«_ - « . . - 

c .. f. . .u 11 r •. . • * « posed between the anode and cathode. The combination or 

fo lows: disconnect the cell from ills normal operating load; caU , , (hc PEM eleclrolvUit ancl Ihc 

halt the flow of oxidant to the cathode; continue the flow of ... . , . . c j . " u 1 

. . - • r 1 . .i_ 11 11 cathode catalyst layer arc referred to as a membrane elec- 

hydrogen containing fuel to the anode; and connect the cell lrode assemb f (he ' reinafler , MEA) . Furthermore, although 

to an auxU.ary externa res.st.ve load. When the flow of onIy sin ^/ ce „ . s „ ;„ MmU a fue| cc „ ^ 

oxidant to tlie cell is stopped, some residual oxidant will 25 * . ^ , .. .. , J , . . , . M 

... . . . - . . a c 1 j comprise a plurality ot adjacent cells connected electrically 

remain within or be accessible to the oxidant flow field . ^ J / . ... . _ .... r. 

.... . « . ««■ • . . • ... , . . in series. For purposes of simplicity, other parts ot the cell 

within the cathode. This oxidant is quickly consumed by the . . c .1 . . ' . . u 

. . . .. ... t~ . « . £ or a stack ot cells, such as coolant layers, reactant How 

electrochemical reaction at the cathode as the current flows . ■ r f • . 

... ... . . . . , , , channels, or olher leatures ol the unode and cathode lor 

through the auxiliary external resistive load, thereby causing r . . •!...». 1.1 ■ 

,° . ... .. 1 .- 1 a • .l • 1 carrving luel and oxidant to the catalvst lavers and ti»r 

a reduction in the cathode potential. As in Ihe previously - . & . • ■ 

1 11 . . allowing the proper movement ol water throughout the cell 

described embodiments, once a desired low cathode polen- » . V. ■ . 1 

.... . . . .. . . « . . . . , . . , 1 , „ are also not shown, as their construction and operation are 

t.al » reached, the po.ent.a * held at or below that level tor knuw[) fa mc ^ and no| , „ orthe ft invention. 

" P i C "t ° h Tv U fC PCrt ° m,anCC l ° Additionally, .he fuel cell system would include controls, 

car icr ig cr eve . nol f or controlling an d monitoring Ihe system, such 

In another embodiment, after a period of norma cell 35 as forcomro ii ing , he ra.es of reac.an. Bow as determined by 

operation the electnc load us removed trom the cell and both [he of , ne , oad . 

the anode and cathode are supplied with a flow of hydrogen . . . ..... , , ... 

, • . i l. ii.. ... u.j i . Tw Asshown in MG. I, tuel,sucn as hvdrwen, from a source 

containing luel, such as essentia 11 v pure hvdrogen. In this , , , , • , , • 

. .. . ... . . i .J t . i .i HI »- s provided to the anode 102 via the conduit 112. 

open cireuil mode with hvdrogen on both electrodes, the I% . ■ r . . . , . 

ca.ht.de ,x.tcntial will he quickly reduced to l>:k.w (). 1 vol.. * l5tf .P ,u ^' ,. ,hc aniwlc v.a he condu.l 114. An 

As in .he previously described embodiment once the ox f ""• such as a,r - a , >a,urcc " 6 ,s 1 n,v . ,dutl '° 

.u ^ . .• i u i . t i ii-.* cathode via a conduit 118 and leaves the anode via a conduit 

cathode potential reaches a preselected low level n is , .. .. . 

..... , , .1.1 tv • i L- .- 120. Ine luel electrochemical I v reacts m a well-known 

maintained at or below thai level lor a period ot time . , ., • , 

.sufficient to regenerate the cell. 'IHc cell is then reconnected / r " an , nur ^"''"S normal cell operauon to pr.xluce prt.loos 

.o the load and may resume normal operation. 45 < h ^ ro ^ n ,on *> and , C ' CX T^ S K Ihc « Ic « ro " s H«w trom the 

. . ... , . . anode 102 lo the cathode 106 through an external circuit 122 

Another method tor regeneral.nga cell m accordance wuh an ^^y.^ devicc represcnlcd DV , he load 

the present invention «s lo inlenUonally penodtcaffy operate or ^ is , ancc 124 . The arrows 126 show the diction of 

the cell at a cathode potennal at or below about 0.64 vol. 6teama flow elecUof)& ^ wj|h ^ oxjdan| amJ 

wrthoul taking the cell off-Une (,.e wrthout d«x)nnect,ng (OQS a , ^ I06 to form water and heat. The 

.be cell from «s pnmary load) and without operating me « H ^ p£M ffom 

anode and cathode on anylhmg ^but the* usual fuel and ^ ^ calnodc ^ j^,^ ^ them waler mo|ccules 

ox,danL For .hat reason the method has cena.n advantages fa ^ form of b dronium fhe arrows 128 represent the 

over previously described embodiments. Two techmques flow of „ d /„ and h dronium ions from , nc ^ odc lo |nL . 

thai may be used in tins embodiment are to operate the cell ca thode 

for a short period of time at a high current density, or to 55 „ . _ . 

briefly operate the cell at high oxidant utilization. Both of W ^ n a 05,1 ^^" tl "& efficiently lo produce current lor 

these techniques result in a lowering of the cathode an electricity-using device, the voltmeter Unconnected 

potential, and both are more fully described below. The acro f f he wU1 measure f^S" cell voltage. Most cells 

foregoing features and advantages of the present invention are designed to "P^ate at a cell voltage above about 0.6 volt, 

will become more apparent in light of the following detailed «> and P«««My OP*™* be,ween ?- 7 0.8 volts thomajor- 

description of exemplary embodiments thereof as illustrated ,1 y, of ,he llt ™- Operation at voltages lower than about 0.6 

in the accompanying drawings. vo ,V ,s cons,dcrcd and 15 avo ' d « d du " n 8 normal 

cell operation. 

BRIEF DESCRIPTION OF THE DRAWINGS We have found IhaI during ce „ operation above about 0.6 

FIG. 1 is a schematic depiction of a PEM fuel cell 65 volt there is an unacceptable deterioration of ceil perfor- 

operating in conventional fashion in accordance with the mance over and above and more rapid lhan the well known 

prior art. gradual performance degradation resulting from loss of 
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catalyst surface area. One exemplary method For minimizing 
that unacceptable deterioration will now be described with 
reference to the fuel cell system of FIG. 2. This is accom- 
plished by a method for periodically regenerating the cell 
frequently enough to avoid having the cell operate at unde- 
sirably low performance levels for an extended period of 
lime,. 

Referring lo the fuel cell system of FIG. 2, reference 
numerals which are the same as those used in FIG. 1 
represent the same components. In the fuel cell system 92 a 
conduit 130 connects the fuel conduit 112 and the oxidant 
conduit 118. A valve 132 (shown open) is located within the 
conduit 130; and a valve 133 (shown closed) is located 
within the conduit 118 upstream of where the conduit 130 
joins the conduit 118. The external circuit 122A connecting 
the anode and cathode includes a power supply such as a 
battery 134 disposed in parallel to the electric load 124. A 
switch 136A (shown open) is disposed in series with the 
electric load 124,and a switch 138A (shown closed) is 
disposed in series with the battery 134. The system 92 also 
includes controls, not shown, for operating the valves and 
switches either upon demand* in accordance with a schedule, 
or, for example, when certain measured parameters reach 
preselected values. During normal operation of the cell to 
provide electricity for the load 124,lhe valve 133 and switch 
138 are open, and the valve 132 and the switch 136 are 
closed. In that mode the cell operates exactly as shown in 
FIG. 1. 

In accordance with the present invention, after a period of 
operation in the normal operating mode, the cell is operated 
for a short period of time in the regeneration mode of FIG. 
2 for the purpose of driving the cathode potential down to 
below 0.66 volis, and preferably to below 0.5 volt. Most 
preferably it is driven to below 0.1 voli. Faster regeneration 
occurs at lower cathode potentials. 

More specifically, in the regeneration mode of FIG. 2 the 
valve 133 is closed, the valve 132 is open, the switch 136A 
is open, and the switch 136 A is closed. In this mode of 
operation ihe flow of fresh oxidant to the cell is cut off and 
hydrogen flows to the cathode as well as the anode. Hydro- 
gen ions and electrons are produced at the cathode. These 
electrons, and electrons produced by the battery 134, flow to 
the anode within the circuit 122A, as depicted by the arrows 
140. Hydrogen ions and hydro niura ions flow across the 
PEM to the anode, as depicted by the arrows 139. The 
hydrogen ions combine with the electrons to produce hydro- 
gen at the anode. As this process proceeds the cell voltage 
and the cathode potential are rapidly reduced. After a short 
period of time the cell is returned to its normal operating 
mode with oxidant being provided to the cathode. 

Whai has been found is that cell performance measured 
immediately after operating the cell in the regeneration 
mode is higher than cell performance measured immediately 
preceding operation of the cell in the regeneration mode. It 
has been demonstrated that all, or essentially all, of the 
performance loss experienced by the cell as a result of 
normal operation may be recovered hy reducing the cathode 
potential to less than 0. 66 volt, and then operating the cell 
for a sufficient period of time at or below that low cathode 
potential. Essentially the entire cell performance loss may be 
recovered by the appropriate selection of a low cathode 
potential and the amount of time the cathode is held at or 
below that selected potential. 

A workable combination of low cathode potential and the 
amount of lime at that low potential may be readily deter- 
mined by experimentation. The combination Anally selected 
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would likely take into consideration other factors such as 
convenience, cost, and application requirements. 

Periodic regeneration at appropriate intervals in accor- 
dance with the teachings oT the present invention can 
5 prevent the performance of a cell from dropping below a 
pre-selected value. "ITiis may be done by scheduling the 
regeneration mode of operation to occur ai sufticicntly close 
intervals; or the performance of the cell could be monitored, 
and regeneration triggered shortly after the cell performance 

ll} falls lo a pre-selected value during normal operation. 

In one particular series of tests, a non-pressurized slack of 
20 PEM fuel cells having the generic design of the fuel cell 
described in hereinabove referred lo U. S. Pal. No. 6, 024, 
848 was operated alternately between the normal operating 
mode of FIG. 1 and the regeneration mode of FIG. 2. The 
cells of that stack included a membrane electrode assembly 
(MEA) comprising a mil thick perfluorosulfonic ionomer 
membrane having platinum containing anode catalyst dis- 
posed on one side thereof and a platinum containing cathode 
catalyst disposed on the other side thereof. More 

20 specifically, the anode had a platinum-ruthenium alloy cata- 
lyst loading of 0.6 mg/cnr, and the cathode had a platinum 
catalyst loading of 0.4 mg/cm". This assembly was supplied 
by Ihe W. L. Gore Company of Ekton, Md. under the trade 
name PRIM I: A 5560. 

:5 During normal operation the 20-cell slack was operated at 
a hydrogen utilization of approximately 80% and an oxygen 
utilization of approximately 30% on air. Keactant pressures 
were approximately 14.7 psia and cell temperature was 
approximately 120° F. (It should be noted that a number of 

30 d liferent matters were being investigated during the testing 
of this cell stack. Some of those matters necessitated thai 
certain steps be taken which are not required by the method 
of the present invention. These are pointed out as the test 
procedure Is described. Additionally, in this test and in the 

35 other tests described in this specification, the anode potential 
is equivalent to a standard hydrogen electrode at the same 
temperature. All stated potentials are relative to a standard 
hydrogen electrode.) 

Near the end of a period of 580 hours of normal operation 

40 in ihe mode of FIG. 1 at cell voltages between 0.63 volt and 
0.76 volt, cell performance measurements were taken at 
various current densities, including al 100 and at 500 ASF 
(amps per square foot). The electrical load was then 
removed from the cell stack and the reactant flow fields were 

45 purged with nitrogen. Hydrogen gas was passed through 
both the anode and cathode flow fields and the cell stack was 
connected to a power supply as per FIG. 2. (In this embodi- 
ment of the invention it is not required that the anode fuel 
flow field or the cathode oxidant flow field be purged with 

50 nitrogen or other inert gas. When the hydrogen is passed 
through the cathode oxidant flow field it automatically 
purges the oxidant from that flow field.) The hydrogen flow 
rate was equivalent to 80% utilization at 750 ASF. The 
cathode potential quickly dropped lo approximately 0.0 

55 volts. The current density was increased from 100 ASF to 
700 ASF in increments of 100 ASF Each current density 
from 100 to 600 ASF was held for minutes. The current 
density at 700 ASF was held for minutes. The cell voltage 
increased linearly from 0.0 volts to 0.058 volts as the current 

oii density was increased from 0 ASF to 700 ASF. The current 
density was then reduced to 0.0 ASF in 100 ASF increments, 
holding each new current density for approximately 1.5 
minutes. During this entire procedure the cathode potential 
remained constant at about 0.0 volts. This completed the 

65 regeneration cycle. 

The flow of hydrogen was halted and both reactant flow 
fields were again purged with nitrogen. The anode was then 
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purged with hydrogen and the cathode was purged with air. 
(The purging of hydrogen from the anode fuel How field 
prior to returning to normal operation is not a requirement of 
the present invention. On the other hand, it may be desirable, 
altiumgh not required, to purge the cathode oxidant (low 
field of hydrogen using an inert gas prior to returning to 
normal cell operation because of safety or cell durability 
concerns.) 

After the foregoing regeneration procedure, normal cell 
operation was resumed, and performance of Ihe cell was 
measured again at 100 ASF and 500 ASF immediately after 
start -up. "lTie entire procedure was repeated after another 570 
hours, for a lolal of approximately 1050 hours of normal cell 
operation. The results are displayed in Table I, below. 

TABLE 1 




Cathode 

Cell 

Cell 

Length of 


Potential nt 

Performance 

Performance 

Normal Celt 


700 ASF 

Immediately 

Upon Start- 

OperaUou 

Current 

during 

Before 

up, After 

(cumulative 

Density 

Regeneration 

Regeneration 

Regeneration 

hours) 

(ASF) 

(volts) 

(volts/cell) 

(volts/cell) 

58U 

100 

0.UB 

0.703 

0.7S9 

580 

500 

0.00 

0.633 

0.710 

1050 

100 

0.00 

0.745 

0.801 

1050 

500 

0.00 

0.615 

0.702 


U is readily apparent from Table 1 that the regeneration 
procedure of the present invention significantly improved 
the performance of the celts, returning them to significantly 
higher performance levels than existed immediately prior to 
each regeneration cycle. More specifically, in this scries of 
tests essentially all of the cell performance losses that 
occurred during normal operation prior to each regeneration 
procedure were recovered as a result of each regeneration 
procedure. Also, although in these tests the cathode potential 
was held at approximately 0.00 volts for more than one hour 
during the course of the regeneration procedure, it is 
believed that similar results would have been obtained by 
holding low cathode potentials for much shorter periods of 
lime, perhaps live minutes or less, as was demonstrated in 
experiments using other embodiments of the present inven- 
tion described below. Further, it is believed lha! similar 
results would have been obtained if the polarity of the power 
supply in FIG. 2 were reversed. With the polarity reversed 
from that shown in the drawing, the protons would pass from 
the anode side of the cell to the cathode side. Hydrogen gas 
would be consumed on the anode and would be evolved on 
the cathode. If sufficient hydrogen is evolved on the cathode, 
it may not be necessary to divert hydrogen from the source 
111 to the cathode. 

In another variation on the embodiment described with 
respect to FIG. 2, the same regenerative procedure may be 
used, except that, after the primary load 124 is disconnected, 
the circuit 122A is allowed to remain open (i.e. switches 
136A and 138A both remain open). With hydrogen on both 
sides of the cell the cathode potential would still fall to the 
desired low level; however, it may take longer to do so, and 
it may be required to bold the cathode potential at the low 
voltage for a longer period of time (as compared to the FIG. 
2 embodiment) in order to accomplish the same improve- 
ment in cell performance. 1 

Regeneration of I he cell in accordance with another 
embodiment of the present invention is depicted schemati- 
cally in FIG. 3, wherein the fuel cell system is designated by 
the reference numeral 94. In ihc system of FIG. 3, in addition 
to the air source 1.16, an inert gas source 144 is provided. 


30 


35 


Valves 146, 148 in conduits 112, 150, respectively, control 
whether air from the source 116 or inert gas from the source 
144 flows to the cathode 106 via the conduit 152. The 
external circuit 122B connecting the anode and cathode 
includes a switch 136B iu scries with the primary load 124. 
A small auxiliary external resistive load 131 is disposed in 
parallel to the electric load 124. A switch 138B is disposed 
in series with the auxiliary resistive load 131. 


Initially the valve 146 is open, the valve 148 closed, the 
switch 13611 closed, and the switch 138B open, such that the 
cell operates in a normal manner identical to the cell 
arrangement shown iu FIG. 1. After a period of normal cell 
operation Ihe cell may be operated in one of two regenera- 
tion modes. The preferred mode is the arrangement shown in 
FIG. 3, wherein the valve 146 is closed, the valve 148 is 
open, the switch 136B is open and the switch 138 B is closed. 
During that mode the hydrogen continues to flow on the 
anode, but the cathode receives inert gas from the source 
144, which purges the air from the cathode How field. 
(Although an inert gas, such as nitrogen or argon, is 
preferred, any gas that doesn't react at a significant rate at 
the fuel cell cathode may be used. Examples include carbon 
dioxide, methane, natural gas, propane, or butane.) Hydro- 
gen diffuses from the anode to the cathode through the 
porous PEM (as represented by the arrow 154) as a result of 
the difference in hydrogen concentration on opposite sides 
of the PEM. A small current flows from the anode to the 
cathode through the auxiliary resistive load 131 within the 
external circuit 122B, as represented by the arrows 126. The 
combination of hydrogen diffusion and the flow of current 
through the auxiliary resistive load drive down the cathode 
potential. 


In an alternative regeneration mode both switches 136B 
and 138B arc open (i.e. an open circuit regeneration mode). 
Regeneration occurs because the cathode potential will still 
drop due to the hydrogen diffusion, but at a somewhat 
slower rale than with the auxiliary resistive load connected. 


45 


50 


55 


00 


The results of a test using the open circuit regeneration 
mode with nitrogen on the cathode are shown in Table 2. The 
test vehicle was a non -pressurized stack of 20 PEM cells of 
the same construction as described in the previous examples. 
First the ceils were run normally (valve 146 open, valve 148 
closed, switch 142 closed) for a period of time using 
conditions similar to the conditions used for normal opera- 
tion in the previous examples. The stack was then switched 
to the regeneration mode. Cell voltage was reduced to less 
than 0.1 volt approximately two minutes after the electrical 
load was removed and the nitrogen flow began. The hold 
times shown in the Table 2 are the periods of time the cell 
voltages were held at below 0.1 volt. Nitrogen continued to 
flow during the hold limes. The last two columns of Table 
2show cell performance immediately before regeneration 
and immediately after restarting normal operation of the 
cells. Measurements were tHkcn at two different current 
densities lor each cycle. The procedure was repealed alter 
another 000 hours of normal operation using a different hold 
lime. 
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TABLE 2 





Cell 

Cell 

Length of 

Hold Time 


Performance 

Performance 

Normal Cell 

@ Less 


Immediately 

Upon Start- 

Operation 

Thau 0.100 

Current 

Before 

up, After 

(cumulative 

Volts/cell 

Density 

Regeneration 

Regeneration 

hours) 

(minutes) 

(ASF) 

(volts/cell) 

(volts/cell) 

710 

5 

100 

0.779 

0.800 

710 

5 

500 

0.673 

0,693 

1370 

15 

100 

0.790 

0.799 

1370 

15 

500 

0.658 

0.690 


Ihe recovery of perform aiice with either a 5-mioute or 15 
minute hold time is dear from Tabic 2. Since this procedure 
has not been optimized, even shorter hold times may be 
acceptable. In this emrx>diment, as with other embodiments 
of the present invention, it is expected that the less lime the 
cell operates normally before a regeneration cycle, and the 
lower the cathode potential during the regeneration cycle, 
i he shorter will be the required period of lime needed at the 
low potential in order to recover cell performance. 

FIG. 4 schematically shows apparatus for operating and 
regenerating a cell according to yet another embodiment of 
the present invention. Like the fuel cell system of FIG. I, the 
fuel cell system 96 includes a source 111 of hydrogen 
containing fuel, and a source 116 of oxidant, such as air. A 
valve 155 is disposed in the oxidant feed conduit 118. The 
circuit 122C includes the fuel cell normal (i.e. primary) load 
124, as well as a small auxiliary external resistive load 13 1 1" 
in parallel with the load 124. Switches 136C and 138C are 
disposed within the circuit 122C to allow the cell 100 to be 
connected to the normal load 124 or the auxiliary resistive 
load 131C. During normal cell operation the valve 155 is 
open; the switch 136C is closed; and the switch 138C is 
open. In that configuration the cell operates in the manner 
described with respect to FIG. 1. 

After a period of normal operation the cell is regenerated 
by setting the valves and switches as shown in FIG. 4. More 
specifically, the valve 155 is closed; the switch 136C is 
opened; and the switch 138C is closed. Thus, in the regen- 
eration mode, the How of oxidant to the cathode is shut oil", 
while the flow of fuel to the anode continues. With no new 
oxidant flowing to the cathode, the small amount of oxidant 
trapped within the flow field is consumed, quickly driving 
the cathode potential down to a low value. The cell is 
returned to its normal operating configuration after the 
cathode potential has remained below a selected low value 
for a brief period of lime sufficient to regenerate ihe cell. 

Tabic 3 shows the results of testing the regeneration 
procedure depicted by the arrangement of FIG. 4 on a 
non-pressurized slack of 20 PL\M cells of the same con- 
struction as described in the previous examples. 

Hydrogen was the fuel and air was the oxidant. The cells 
were run normally (valve 155 open, switch 136C closed, 
switch 138C open) for 351) hours and then switched to the 
regeneration mode of FIG. 4 as follows: The primary load 
124 was removed from the stack and the auxiliary resistive 
load put in its place by opening the switch 136C and closing 
the switch 138C. Oxidant flow to the cathode was inter- 
rupted by closing the valve 155; and hydrogen continued to 
flow to the anode. From the time the oxidant flow was 
interrupted it took about 15 minutes for the cathode poiential 
to drop to below 0.1 volt. The auxiliary load remained 
connected so as to hold the cathode potential below 0. 1 volt 
for two minutes. The dummy load was then removed and the 
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cathode flow field purged with air. (Purging of the cathode 
flow field with air prior to returning the cell to normal 
operation is not a required step in the regeneration procedure 
of this embodiment.) The stack was then returned to normal 
5 operation providing electricity for the primary load 124. 
Cell performance immediately before regeneration and 
immediately after restarting normal operation of the cell was 
measured at two different current. Hie recovery of perfor- 
mance is clear from Table 3. 


TABLE 3 


15 





Coll 

Cell 

Length of 

Hold Tune 


Performance 

Performance 

Normal Ceil 

@ Less 


Immediately 

i:pon Start- 

Operation 

Than 0.100 

Current 

Before 

up, After 

(cumulative 

VfeltVcell 

Density 

Regcnc ratio o 

Regeneration 

hour*) 

(minutes) 

(ASF) 

(vullx/ecll) 

(voltitfcell) 

350 

2 

ion 

U.7.S1 

0.7**4 

350 

2 

600 

0.679 

0.6SS 


Results from testing yet another embodiment of the 
present invention is displayed in Table 4. In those tests 
regeneration was accomplished by periodic excursions of a 

■> 5 cell from relatively high normal operating cell voltages to 
relatively low cell voltages (and thus relatively low cathode 
potentials), without removing the primary load. This was 
done by periodically increasing the current. A non- 
pressurized 2(>-cell PUM slack like those used in the fore- 
st. S°* n S examples was also used in these lesis. 

Al ihe beginning of each day of cell operation (after a 
period of shut down which has no impact on the test results 
as they relate to the preset): invention) the cell voltage a I 250 
ASF was measured (In Table 4, see column labeled 'Cell 

35 Voltage @ 250 ASF Before Excursion') During each of the 
first four days of testing, after taking that initial 
measurement, a current density excursion was performed as 
follows: the cell was operated for minutes al each of 100 
ASF, 250 ASF, 500 ASF, and 800 ASF, sequentially. The 

40 current density was then reduced in the same increments 
with each being held for minutes for a total excursion lime 
of 80 minutes. 

Following each excursion the cell voltage was again 
measured at 250 ASF (see column labeled C ell Voltage trt 

45 250 ASF After Excursion*). The cell was then operated 
normally for 0 hours and then shut down. During each of the 
next four days (days 5—8 in Table 4) the same procedure was 
used, except the maximum excursion current density was 
500 ASF, and the total excursion time was 65 minutes. 

50 The results displayed in Table 4 shows that the excursions 
over the first four days, which included short periods of time 
at cell voltages below 0.62 volt (corresponding to cathode 
potentials below about 0.68), resulted in an average voltage 
increase (before excursion compared to after excursion) of 

55 about 0.02 volt al 250 ASF In comparison, excursions over 
days 5—8, which included cell voltages no lower than O.od 
volt (corresponding to cathode potentials of at least alxiut 
0.7 volt), resulted in an average voltage increase of only 
about 0.01 volt. Perhaps even more significantly, with ref- 

60 erencc to the last column of Table 4, the initial cell voltage 
at the beginning of each six hour run improved each day 
from an initial cell voltage of 0.745 volt on day one, to an 
initial cell voltage of 0.768 volt on day four. On the other 
hand, the cell voltage dropped from day to day during days 

65 5 through 8 from 0.748 volt to 0.742 volt. This particular test 
demonstrates that the simple act of operating the cell on line, 
for short periods of time, at what would usually be cons id- 


